States were greener and more productive following winters with south-shifted storm tracks, while Canadian ecosystems were greener in years when the cool-season storm track was shifted to the north. On average, larger areas of the northwestern United States were burned by moderate to high severity wildfires when storm tracks were displaced north, and the average burn area per fire also tended to be higher in years with north-shifted storm tracks. These results suggest that projected shifts of Pacific storm tracks over the 21st century would likely alter hydroclimatic and ecological regimes in western North America, particularly in the northwestern United States, where moisture supply and ecosystem processes are highly sensitive to the position of cool-season storm tracks.
| INTRODUCTION
In much of western North America (hereafter, "the West"), water is a scarce resource for both natural (Vicente-Serrano, Camarero, & Azorin- Molina, 2014; Vicente-Serrano et al., 2013) and social (Dettinger, Udall, & Georgakakos, 2015; Mekonnen & Hoekstra, 2016) systems. In these dry regions, variation of precipitation and evaporative demand drives many ecosystem processes, including vegetation phenology (Tang, Arnone, Verburg, Jasoni, & Sun, 2015) and primary production (Barnes et al., 2016; Berner & Law, 2015; Nemani et al., 2003) , as well as the size and severity of wildfires (Littell, McKenzie, Peterson, & Westerling, 2009; Williams et al., 2015) . Overlain on the natural internal variability of the Western hydroclimate are anthropogenic perturbations to the climate system, which are likely to have significant impacts on the structure and function of terrestrial ecosystems, including on the ability of terrestrial vegetation to remain a large sink for anthropogenic CO 2 emissions (Settele et al., 2014) . Beyond the direct effects of temperature on physiological processes and biochemical reactions of vegetation, higher temperatures have a nonlinear effect on vapor pressure deficit, leading to likely increases in drought frequency and severity due to increased evaporative demand as climate warming continues (Cook, Smerdon, Seager, & Coats, 2014) . Temperature increases have already had detectable impacts on wildfire (Abatzoglou & Williams, 2016; Dennison, Brewer, Arnold, & Moritz, 2014; Westerling, Hidalgo, Cayan, & Swetnam, 2006) and vegetation phenology (K€ orner & Basler, 2010; Zhang, Tarpley, & Sullivan, 2007) , and further increases in evaporative demand are likely to have significant negative consequences for ecosystems of the West (Restaino, Peterson, & Littell, 2016; Williams et al., 2013) .
While increases in temperature and evaporative demand are highly likely over the 21st century, changes in the supply side of the water balance are far less certain and will depend on both global and regional factors (Collins et al., 2013; Kirtman et al., 2013) . In the West in particular, much of the annual precipitation arrives during the cool season via extratropical cyclones, which are preferentially generated and steered within westerly storm tracks (Chang, Lee, & Swanson, 2002; Shaw et al., 2016) . Midlatitude Pacific storm tracks are therefore one of the primary water delivery mechanisms to this region and an important feature of Western hydroclimate (Wise, 2010a) . The latitudinal positions, intensities, and trajectories of Pacific storm tracks vary on interannual (Archer & Caldeira, 2008) to millennial (Oster, Ibarra, Winnick, & Maher, 2015) timescales, and this variation is largely responsible for hydroclimatic variability in the West.
The average latitudinal positions of Pacific storm tracks are expected to shift under a warming climate (Lorenz & DeWeaver, 2007; Salath e, 2006; Shaw et al., 2016; Yin, 2005) . On average, climate models project midlatitude storm tracks to migrate toward the poles (Kirtman et al., 2013; Mbengue & Schneider, 2013) , although the direction and magnitude of future storm track shifts remain highly uncertain due to the competing influences of climate change on the diverse atmospheric processes that affect storm tracks (Shaw et al., 2016) . As storm tracks are such a critical component of water delivery to the West, any sustained shift in Pacific storm track position or intensity over the 21st century will likely alter the hydroclimate of the region. Given the importance of storm tracks for water delivery to this region, where both social and natural systems are limited by water availability, understanding how the hydroclimate and ecosystems of the West have responded to historical Pacific storm track variability will provide context for the long-term implications of potential storm track shifts under future climate change.
Here, we examine the sensitivity of both hydroclimatic and ecological systems in the West (defined in this study as the region from 30°N to 70°N latitude and 100°W to 145°W longitude) to variation of the annual mean Pacific storm track position and intensity during the October to March cool season. This research is driven by two main questions: (1) How have moisture supply, snowpack, and streamflow in the West responded to historical Pacific storm track variability, and (2) how have storm track-induced changes in moisture availability affected primary production, phenology, and fire regimes in the West?
| MATERIALS AND METHODS

| Estimation of the historical Pacific storm track
We estimated the position of the historic annual cool-season Pacific storm track based on the maximum variance of daily mean OctoberMarch meridional wind velocity (v-wind) at 300 hPa, following application of a first-difference filter (McAfee & Russell, 2008; Quadrelli & Wallace, 2002; Wise, 2010a) . While this approach cannot capture each individual storm event (e.g., land-falling atmospheric rivers (Dettinger, Ralph, Das, Neiman, & Cayan, 2011; ), it represents the prevailing, upper tropospheric eddy amplitude associated with frequent extratropical cyclones during the cool season . We obtained gridded v-wind from the North American Regional Reanalysis (NARR) for the period 1979-2014 (Mesinger et al., 2006) , from which we derived cool-season storm track estimates for North America and the eastern Pacific (Fig. S1 ) during the study period 1980-2014. Due to data availability for other climate and ecological datasets used in this study, not all subsequent analyses cover this full study period. The v-wind variance was resampled from the native 32 km horizontal resolution to a 0.5°g rid using a nearest neighbor resampling method, from which we obtained the latitude of maximum cool-season v-wind variance and smoothed the resulting storm track using a robust loess curve 10% the length of the domain to reduce noise (Fig. S1 ). For subsequent analyses, we defined cool-season Pacific storm track position as the mean latitude of maximum v-wind variance in the region from 130°W to 115°W (Fig. S1 ).
In addition to our seasonal analysis of storm track position, we also conducted analyses on monthly storm track position and on cool-season storm track intensity. First, using the methods described above, we estimated the mean storm track position for each individual month within the cool season (October through March) and examined how subseasonal storm track variability affects water delivery to the West. Second, following Chang and Fu (2002) , we estimated storm track intensity as the mean maximum cool-season v-wind variance in the region from 130°W to 115°W.
| Hydroclimatic variables and analyses
We assessed the impacts of shifting Pacific storm tracks on hydroclimatic variables using the Pearson correlation coefficient. For 
| Ecological variables and analyses
We assessed the impacts of shifting Pacific storm track positions and intensities on ecosystem processes in the West using remotely sensed estimates of land surface phenology and wildfire area, as well as tree-ring widths as a proxy for forest growth and net primary production. We derived land surface phenology estimates from the fort- The NDVI, which is based on the difference between near infrared and red reflectance from the land surface, is sensitive to vegetation health, abundance, and photosynthetic capacity. We removed poor quality observations (based on quality flags provided with the GIMMS data) and spatially aggregated the 8-km NDVI to the level of whole ecoregions by taking the mean value within each of the Environmental Protection Agency's Level 3 ecoregions (Omernik, 1987) .
This spatial aggregation was performed in order to minimize the effect of noise in the pixel-level NDVI time series, to reduce computation time, and to simplify the presentation and interpretation of results (e.g., White et al., 2009 ).
To reduce noise in the ecoregion-level NDVI time series, we applied outlier and modified best index slope extraction filters (Dannenberg, Song, Hwang, & Wise, 2015; Hwang, Song, Bolstad, & Band, 2011; Hwang, Song, Vose, & Band, 2011 ), discarded any ecoregion-level NDVI time series without significant power at annual frequencies using a wavelet filter (Torrence & Compo, 1998) , and smoothed the annual NDVI time series using a difference logistic function Fisher, Mustard, & Vadeboncoeur, 2006; Hwang, Song, Vose, et al., 2011; Hwang, Song, Bolstad, et al., 2011 ):ŷ We calculated phenology anomalies for each ecoregion during years with extreme northerly storm tracks (upper latitude quartile) and extreme southerly storm tracks (lower latitude quartile), as well as during years with extremely strong storm tracks (upper intensity quartile) and extremely weak storm tracks (lower intensity quartile).
We assessed statistical significance of these anomalies using a permutation resampling method (Wise, 2010b) , in which the mean and variance of the observed phenology for each ecoregion was used to randomly generate 10,000 possible realizations for each of the extreme storm track quartiles. We consider observed anomalies statistically significant if they exceed the magnitude of the 5th or 95th percentile of the randomly permuted anomalies.
To assess the sensitivity of forest growth to Pacific storm track position and intensity, we obtained tree-ring widths from 431 sites across the West from the International Tree-Ring Data Bank (Grissino-Mayer & Fritts, 1997), plus seven additional ponderosa pine chronologies developed by the authors in Washington State (Wise & Dannenberg, 2017) . Each site included measurements for at least the 20-year period from 1980 to 1999. We detrended each ring width series in the dplR program (Bunn, 2008 ) using a cubic smoothing spline two-thirds the length of the total series with a 50% frequency response (Cook & Peters, 1981) . Detrended ring widths were averaged using Tukey's biweight robust mean to obtain site-level growth indices, and the relationship between these indices and Pacific storm track position and intensity was assessed using Pearson's correlation coefficient. As we conducted a large number of local significance tests (n = 438), there is a high probability of type I errors (i.e., false-positive tests). We therefore compared the observed pvalue distribution to the uniform distribution that would be expected if the null hypothesis were true for all sites and conducted a "field significance" test that accounts for the false discovery rate (Wilks, 2006) . We assessed the overall response of western U.S. forest growth to storm track variability using an unweighted mean of all U.S. tree-ring chronologies located west of 100°W, after first normalizing each tree-ring series to a mean of zero and unit variance.
As some regions are more densely sampled than others, and would therefore be disproportionately weighted in the western U.S. treering composite, we also tested a tree-ring composite in which all ring-width chronologies were first binned into 2°grid cells prior to averaging across the entire region.
Fire is a natural feature of ecosystems in the West, particularly in the dry forests and shrublands of the western United States.
While many factors play a role in the ignition and spread of fire, including antecedent climate, fuel abundance, ignition sources, topographic relief, and land management (Bowman et al., 2009; Littell et al., 2009 ), moisture balance is particularly important for determining the spread and intensity of fire (Williams et al., 2015) . We assessed the role of cool-season storm track position on Western wildfire using annual burn area estimates from the U.S. Forest Service Monitoring Trends in Burn Severity program, which maps fire boundaries and burn severities for the conterminous United States based on near and middle infrared reflectance from Landsat imagery (Eidenshink et al., 2007) . For wildfire analyses, we focused solely on the northwestern United States (defined here as the region from 41°N to 49°N and west of 100°W) due to its hydrological responsiveness to cool-season storm tracks (see Section "3.2") and the prevalence of fires throughout the region. After excluding all prescribed fires and any fires mapped with low confidence (Dennison et al., 2014) , we derived the annual area burned by moderate and high severity wildfires and the annual average moderate and high severity burn area per fire. We assessed the relationship between storm track position and wildfire using the Theil-Sen slope estimate (Dennison et al., 2014; Wilcox, 2005) , a nonparametric regression technique that is robust to outliers. We contextualized the observed response of the burn area to storm track variability by randomly permuting the wildfire time series 10,000 times, recalculating the TheilSen slope for each permuted time series, and comparing the observed slope to the distribution of slopes from the 10,000 random realizations (Dennison et al., 2014) . However, April SWE is positively and significantly correlated with storm track intensity throughout the U.S. Pacific Northwest (Figure 2d) . As the overall precipitation response to storm track intensity is relatively small in this region (Figure 2c States tend to be browner than average (Figure 3a) . When the storm track is positioned abnormally far south, however, NDVI max is lower than average throughout most of western Canada and significantly higher than average in much of the western United States (Figure 3b) , likely due to increases in vegetation health and abundance following increased cool-season water delivery to this region. Other land surface phenology metrics besides peak greenness show weak or inconsistent relationships to storm track position, including the timing of the start (Fig. S8) , end (Fig. S9) , and total length (Fig. S10) of the "green season." Generally speaking, NDVI max in the West is less sensitive to storm track intensity than it is to storm track position (Fig. S11 ). Relatively few ecoregions exhibit significant NDVI max anomalies when storm track intensity is stronger than normal (Fig. S11a) . However, several ecoregions of western Canada and the Cascades do tend to be significantly browner than average when storm track intensity is anomalously low (Fig. S11b) .
Forest growth in the dry regions of the western United States is largely dependent on water availability (Boisvenue & Running, 2006; Nemani et al., 2003) , including precipitation stored as snowpack during the cool-season (St. George & Ault, 2014) . Although other environmental factors affect growth, particularly evaporative demand during summer months (Restaino et al., 2016; Williams et al., 2013) , most tree-ring widths in the West are negatively correlated with cool-season storm track position (Figure 4a ), particularly for sites located south of 49°N that receive less precipitation when the storm track is displaced north (Figure 4b ). While some tree-ring series would be expected to exhibit significant correlations to storm track position due to type I errors associated with conducting a large number of hypothesis tests, the distribution of p-values from the local tests is smaller than expected if the null hypothesis were true for all sites (Figure 4c) . A field significance test that accounts for the false discovery rate (Wilks, 2006) Figure 4d ). By contrast, the relationship between tree-ring width and storm track intensity is relatively weak throughout the West and is not statistically significant in either the field significance test nor in the composite index (Fig. S2) . Binning the tree-ring widths into 2°grid cells prior to generating the region-wide growth index to reduce the overweighting of densely sampled regions yielded nearly identical results for both storm track position ( Fig. S13 ) and storm track intensity (Fig. S14) . moderate-to-high severity burn area, only 21% of the randomly permuted slopes are more extreme than the observed slope (Figure 5c ), while only 7% of the randomly permuted slopes are more extreme than the observed slope for the moderate and high severity burn area per fire ( Figure 5e ).
| DISCUSSION
Over the next century, changes on both the supply and demand sides of the water balance are likely to occur. While there are relatively large intermodel disagreements on the direction and magnitude of 21st century precipitation change (Collins et al., 2013) , increased temperatures and vapor pressure deficits (VPD) are robust features of climate model projections (Cook et al., 2014; Williams et al., 2013) . Increased temperatures are likely to reduce snowpack and lead to a more rain-dominated hydroclimate in the West (Barnett et al., 2008; Dettinger et al., 2015; Knowles, Dettinger, & Cayan, 2006) . Evaporative demand is also expected to increase in response to higher temperatures and VPD, leading to more frequent and severe droughts even in the absence of changes in the supply side of the water balance (Cook et al., 2014) . The expected increases in the demand side of the water balance over the 21st century will likely pose significant threats to the ecosystems of the West, as forest growth responds negatively to increases in VPD (Restaino et al., 2016; Williams et al., 2013) while wildfire size and severity respond positively to increases in VPD (Williams et al., 2015) . 
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